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Introduction

The Sterol Regulatory Element Binding Proteins (SREBP) transcription factors belong to the basic helix-loop-helix leucine zipper family of DNA binding proteins.

The three isoforms identified so far in mammalian tissues are coded by two distinct genes, Srebf1 and Srebf2, and vary in structure, regulation, and functions [START_REF] Eberle | SREBP transcription factors: master regulators of lipid homeostasis[END_REF].

SREBP-1a and SREBP-1c proteins are produced by alternative promoter usage of the SREBF1 gene and are key actors of the regulation of genes related to lipid metabolism, especially those involved in lipogenesis and triglyceride deposition. In contrast, SREBP-2 has been more closely associated to cholesterol synthesis and accumulation [START_REF] Horton | SREBPs: activators of the complete program of cholesterol and fatty acid synthesis in the liver[END_REF][START_REF] Yokoyama | SREBP-1, a basic-helix-loop-helix-leucine zipper protein that controls transcription of the low density lipoprotein receptor gene[END_REF].

In agreement with these known functions, the SREBP-1 proteins are strongly expressed in tissues with high lipogenic capacities, like liver and adipose tissues. However, significant expression has been also reported in skeletal muscle, both in vivo and in vitro in cultured muscle cells [START_REF] Dif | Insulin activates human sterol-regulatory-element-binding protein-1c (SREBP-1c) promoter through SRE motifs[END_REF][START_REF] Ducluzeau | Regulation by insulin of gene expression in human skeletal muscle and adipose tissue. Evidence for specific defects in type 2 diabetes[END_REF][START_REF] Guillet-Deniau | Sterol regulatory element binding protein-1c expression and action in rat muscles: insulin-like effects on the control of glycolytic and lipogenic enzymes and UCP3 gene expression[END_REF]. In muscle, SREBP-1 expression is induced by activation of the PI3K/Akt and the MAP kinase pathways by insulin and growth factors [START_REF] Boonsong | Effect of exercise and insulin on SREBP-1c expression in human skeletal muscle: potential roles for the ERK1/2 and Akt signalling pathways[END_REF][START_REF] Dif | Insulin activates human sterol-regulatory-element-binding protein-1c (SREBP-1c) promoter through SRE motifs[END_REF][START_REF] Guillet-Deniau | Sterol regulatory element binding protein-1c expression and action in rat muscles: insulin-like effects on the control of glycolytic and lipogenic enzymes and UCP3 gene expression[END_REF][START_REF] Kotzka | Sterol regulatory element binding proteins (SREBP)-1a and SREBP-2 are linked to the MAP-kinase cascade[END_REF][START_REF] Nadeau | Insulin regulation of sterol regulatory element-binding protein-1 expression in L-6 muscle cells and 3T3 L1 adipocytes[END_REF], suggesting additional functions of these transcription factors in a tissue with a low rate of lipid synthesis. Using microarray analysis to characterize the role of SREBP-1a and -1c in skeletal muscle, we have recently identified some of their potential target genes in primary cultures of human myotubes overexpressing SREBP-1a or SREBP-1c [START_REF] Rome | Microarray analyses of SREBP-1a and SREBP-1c target genes identify new regulatory pathways in muscle[END_REF]. In this study we found that SREBP-1a and -1c regulate more than one thousand genes, indicating that they are potentially involved in the regulation of a large variety of biological functions in muscle cells. Quite unexpectedly, we observed a dramatic reduction in the expression of a number of muscle-specific genes and markers of muscle differentiation in cells overexpressing SREBP-1 proteins. This led us to investigate their potential role in the regulation of myogenesis and muscle development.

The early stages of muscle development are regulated by muscle-specific basic helix-loop-helix transcription factors (e.g. MYF5, MYOD1, MYOG (myogenin) and MYF6 (MRF4)), which are also involved in the differentiation of satellite cells during regeneration process in adult muscle. Recently, the transcriptional factor BHLHB3 was shown to inhibit in vitro muscle cell differentiation by interacting with MYOD1 [START_REF] Azmi | Sharp-1/DEC2 inhibits skeletal muscle differentiation through repression of myogenic transcription factors[END_REF]. BHLHB3 (also named DEC1/SHARP1) is a transcriptional repressor closely related (97% homology in amino acid sequence in the bHLH domain) to BHLHB2 (also named Stra13/DEC2/SHARP2). They both repress the expression of target genes by binding to E-Box sequences as well as through protein-protein interactions with other transcription factors (review in [START_REF] Yamada | Basic helix-loop-helix transcription factors, BHLHB2 and BHLHB3; their gene expressions are regulated by multiple extracellular stimuli[END_REF]). BHLHB2 and BHLHB3 genes are widely expressed in both embryonic and adult tissues and their expression is regulated in cell type-specific manner in various biological processes, including circadian rhythms [START_REF] Honma | Dec1 and Dec2 are regulators of the mammalian molecular clock[END_REF], hypoxia [START_REF] Miyazaki | Identification of functional hypoxia response elements in the promoter region of the DEC1 and DEC2 genes[END_REF] or cellular differentiation [START_REF] Boudjelal | Overexpression of Stra13, a novel retinoic acid-inducible gene of the basic helix-loop-helix family, inhibits mesodermal and promotes neuronal differentiation of P19 cells[END_REF]. Their involvement in the regulation of developmental processes during embryogenesis has been largely studied [START_REF] Azmi | Embryonic expression of mSharp-1/mDEC2, which encodes a basic helix-loop-helix transcription factor[END_REF][START_REF] Boudjelal | Overexpression of Stra13, a novel retinoic acid-inducible gene of the basic helix-loop-helix family, inhibits mesodermal and promotes neuronal differentiation of P19 cells[END_REF][START_REF] Janatpour | A repertoire of differentially expressed transcription factors that offers insight into mechanisms of human cytotrophoblast differentiation[END_REF][START_REF] Maclean | Expression of Stra13 during mouse endochondral bone development[END_REF][START_REF] Rossner | SHARPs: mammalian enhancer-of-split-and hairy-related proteins coupled to neuronal stimulation[END_REF]. We demonstrate here that BHLHB2 and BHLHB3 mediate negative effects of SREBP-1 transcription factors on myogenesis, acting both at the myoblast and myotube stages. The SREBP-1 mediated effects on BHLHB2 and BHLHB3 activity thus defines a novel negative regulation pathway in skeletal muscle cell development.

Materials and Methods

Culture of human skeletal muscle cells. Muscle biopsies were taken from healthy lean subjects during surgical procedure, with the approval of the Ethics Committee of Lyon Hospitals. Myoblasts were purified and differentiated myotubes were prepared according to the procedure previously described in detail [START_REF] Cozzone | Activation of liver X receptors promotes lipid accumulation but does not alter insulin action in human skeletal muscle cells[END_REF].

Expression vectors and generation of recombinant adenoviruses. For the construction of expression vector encoding BHLHB2, a verified sequence I.M.A.G.E. clone (cloneID 4860809) was purchased from Geneservice (Cambridge, UK) and subcloned into the pcDNA 3.1 expression vector (Invitrogen). The expression vector encoding BHLH3 was generated by PCR amplification and ligated into PCDNA3.1.

Expression vector encoding the dominant-negative form of SREBP-1 (ADD1-DN) is a generous gift of Dr. B. Spiegelman (Dana-Farber Cancer Institute/Harvard Medical School, Boston, USA) [START_REF] Kim | ADD1/SREBP1 promotes adipocyte differentiation and gene expression linked to fatty acid metabolism[END_REF]. Recombinant adenoviral genomes carrying the human BHLHB2 or BHLHB3 or ADD1-DN were generated by homologous recombination in the VmAdcDNA3 plasmid (a gift from Dr S. Rusconi, Fribourg, Switzerland) and amplified as described previously [START_REF] Chaussade | Expression of myotubularin by an adenoviral vector demonstrates its function as a phosphatidylinositol 3-phosphate [PtdIns(3)P] phosphatase in muscle cell lines: involvement of PtdIns(3)P in insulin-stimulated glucose transport[END_REF][START_REF] Dif | Insulin activates human sterol-regulatory-element-binding protein-1c (SREBP-1c) promoter through SRE motifs[END_REF]. Construction of expression vectors encoding mature nuclear forms of human SREBP-1a (named pCMV-hSREBP1a) and SREBP-1c (named pCMV-hSREBP1c) was described previously [START_REF] Dif | Insulin activates human sterol-regulatory-element-binding protein-1c (SREBP-1c) promoter through SRE motifs[END_REF]. A fragment of the pIRES plasmid (Clontech, Montain View, CA, USA) containing the IRES and EGFP sequence was cloned into pCMV-hSREBP1a and pCMV-hSREBP1c to obtain pCMV-hSREBP1a-IRES-GFP and pCMV-hSREBP1c-IRES-GFP.

Recombinant adenoviruses expressing simultaneously nuclear form of either SREBP-1a or SREBP-1c and GFP as a marker, were generated by homologous recombination in the VmAdcDNA3 plasmid and amplified.

Overexpression of Human SREBP-1a, SREBP-1c, BHLHB2 or BHLHB3 in human muscle cells. The construction of recombinant adenoviruses encoding nuclear SREBP-1a and SREBP-1c was described previously [START_REF] Dif | Insulin activates human sterol-regulatory-element-binding protein-1c (SREBP-1c) promoter through SRE motifs[END_REF]. Human muscles cells were infected as myoblasts or myotubes. Myoblasts were grown in six-well plates. Myoblasts at 70% confluence, or myotubes after 5 days of differentiation, were infected for 48 h with the recombinant adenovirus encoding BHLHB2 or BHLHB3 or nuclear forms of SREBP-1a or SREBP-1c, or GFP as a control.

Inhibition of BHLHB2 and BHLHB3 expression in human muscle cells. Inhibition

of BHLHB2 and BHLHB3 expression was performed by RNA interference using small interfering RNA (siRNA) against BHLHB2 and against BHLHB3 (Qiagen). A rhodamine labeled GFP-22 siRNA was used as control. Myoblasts at 70% confluence were transfected with siRNAs using the Hiperfect transfection reagent (Qiagen, Courtaboeuf, France), according to the manufacturers protocol. Protein expression analysis by Western Blotting. Classical western-blot experiments were performed according to [START_REF] Dif | Insulin activates human sterol-regulatory-element-binding protein-1c (SREBP-1c) promoter through SRE motifs[END_REF]. After transfer, gels were stained with Coomassie Blue. Membranes were then incubated overnight at 4°C with the following specific primary antibodies : anti-SREBP1 (H160), anti-MYOD1 (M316), anti-MEF2C (E17), anti-MYOG (M225), anti-TNNI1 (C- The -408/+75 (according to the transcription starting site) fragment was then subcloned into the luciferase reporter gene vector pGL3-Enhancer (Promega) to obtain pB21 (-408/+75). The -951/-407 fragment was generated by PCR and ligated into pB21 to obtain pB22 (-951/+75). The constructs pB23 (-264/+75) and pB26 (-187/+75) were generated by deletion of pB21. To obtain pB32, two genomic fragments, corresponding to the -940/-289 and -524/+238 regions of the BHLHB3 gene, were generated by PCR and combined to obtain the -940/+238 fragment into pGL3-E vector. Mutations of the SRE motifs were performed as described [START_REF] Dif | Insulin activates human sterol-regulatory-element-binding protein-1c (SREBP-1c) promoter through SRE motifs[END_REF].

In vivo overexpression of

Mutagenesis was performed to replace bases 2, 4 and 6 of each identified SRE by thymidine residues (Quick Change Mutagenesis Kit, Qiagen).

Transfection studies were carried out on myoblasts or myotubes plated in 12-well plates as previously described [START_REF] Dif | Insulin activates human sterol-regulatory-element-binding protein-1c (SREBP-1c) promoter through SRE motifs[END_REF]. Firefly and Renilla luciferase activities (Dual luciferase reporter assay system; Promega) were measured using a Centro LB 960

Luminometer (Berthold Technology, Thoiry, France). 

Microarray analysis of myotubes

Results

SREBP-1a and -1c down-regulate muscle specific genes in human myotubes

We recently reported that adenovirus-mediated expression of the mature nuclear forms of either SREBP-1a or SREBP-1c triggered the regulation of more than 1300 genes in human differentiated myotubes [START_REF] Rome | Microarray analyses of SREBP-1a and SREBP-1c target genes identify new regulatory pathways in muscle[END_REF]. Using FATiGO (www.babelomics.es)

to analyze these microarray data, three Gene Ontology (GO) classes showed significant over-representation in the list of genes found to be regulated in the presence of SREBP-1 proteins when compared to their representation in the human genome: "muscle contraction" (GO 0006936, adjusted p value = 2.84 e-5), the subclass "striated muscle contraction" (GO 0006941, adjusted p value = 2.46 e-5)

and "muscle development" (GO 0007517, adjusted p value = 6.27 e-5). The corresponding genes with fold-change values upon SREBP-1a or -1c expression are listed in Table 1. These genes encode transcription factors involved in muscle differentiation (i.e. MYOD1, MYOG, MEF2C), as well as a large number of muscle contraction proteins (i.e. heavy and light chains of myosin, troponins, titin). Most of them were down-regulated in the presence of SREBP-1a or -1c (28 of 38 for "muscle contraction" and 26 of 39 for "muscle development").

Transcriptional repressors BHLHB2 and BHLHB3 are SREBP-1 target genes

The SREBP-1s microarray data obtained on differentiated myotubes contain two bHLH family members that are up regulated upon SREBP-1s overexpression. The transcriptional repressors BHLHB2 and BHLHB3 show an about 2-fold increase in their expression levels (supplementary data of ( 43)). Since recent report indicated that BHLHB3 is a potent inhibitor of muscle cell differentiation (2), we decided to focus on these factors. To assess SREBP-1a and -1c effects on BHLHB2 and BHLHB3 expression, we overexpressed nuclear SREBP-1 in human primary muscle cells at both myoblasts and myotubes stages, and also in vivo in mouse tibialis anterior muscle. As shown in figure 1A directly bind the BHLHB2 and BHLHB3 promoters (Figure 2C).

We then conclude that transcriptional repressors BHLHB2 and B3 are new direct target genes of SREBP-1, the expression of which is increased by SREBP-1 binding on their promoters.

Overexpression of BHLHB2and BHLHB3 in myotubes

We performed microarray analysis in human primary myotubes overexpressing either BHLHB2 or BHLHB3 after adenovirus infection. FATIGO analysis revealed that the same biological processes identified after SREBP-1 overexpression ("muscle contraction", "striated muscle contraction" and "muscle development") were significantly enriched (adjusted p values < 0.05) in the lists of regulated genes. We found that BHLHB2 and BHLHB3 down-regulated 69 and 65 genes with muscle annotation, respectively (Table 2). Furthermore, the comparison with the SREBP-1 microarray data showed that a large proportion (34%) of the muscle-specific genes that were down-regulated by SREBP-1 expression were also down-regulated by BHLHB2/B3 overexpression.

Overlapping down-regulated genes for the two GO biological processes "muscle development" and "muscle contraction" are represented in Figure 3. Among genes involved in muscle differentiation, MYOD1, MYOG and MEF2C show a decrease in their expression upon both SREBP-1 and BHLHB2/B3 overexpression.

SREBP-1a and -1c inhibit myoblast differentiation

Because the expression of specific markers of muscle differentiation was decreased in myotubes overexpressing SREBP-1, we first examined the expression of the four studied transcription factors during the differentiation of human primary muscle cells (Figure 4 A). All four present a similar pattern of expression with an increase during proliferation and a decrease after induction of differentiation. To further examine whether SREBP-1 could directly affect myogenic differentiation, primary human myoblasts were thus infected with recombinant adenoviruses expressing GFP, SREBP-1a, or SREBP-1c. After 48 hours, SREBP-1 expressing myoblasts showed a dramatic decrease in MYOD1, MYOG and MEF2C levels (Figure 4B). When the cells were induced to differentiate (medium change and serum starvation) for five days, only Ad-GFP infected cells underwent differentiation (Figure 4C). The presence of SREBP-1 totally blocked the differentiation of myoblasts into myotubes.

To determine the implication of BHLHB2 and/or BHLHB3 in this process, human primary myoblasts were infected with recombinant adenovirus expressing either BHLHB2 or BHLHB3. As shown in Figure 4D, 48 hours of BHLHB2 and BHLHB3 overexpression also induced a marked decrease in the expression of muscle regulatory factors (MYOD1, MYOG and MEF2C). After 5 days of differentiation, we observed a dramatic decrease in the number and the size of polynucleated cells, correlated with the reduced expression of myogenin and troponin (figure 4E).

To finally demonstrate the involvement of BHLHB2 and BHLHB3 in the effects of SREBP-1 on myoblasts, SREBP-1 overexpressing myoblasts were transfected with siRNA against GFP (control), BHLHB2, or BHLHB3, resulting in a partial gene extinction of BHLHB2 and BHLHB3 expression (Figure 5A). As shown in Figure 5B, inhibition of either BHLHB2 or BHLHB3 can restore, at least partially, the expression of MYOD1, MYOG and MEF2C proteins that are down-regulated upon SREBP-1 overexpression. Depletion of BHLHB2/B3 was sufficient to restore differentiation and myogenin and troponin expression in cells overexpressing SREBP-1 (Figure 5C).

Altogether, these data led us to propose that SREBP-1a and -1c block myoblasts to myotubes differentiation via an increase in BHLHB2 and BHLHB3 expression, the latter repressing the expression of MRFs.

SREBP-1a and -1c induce atrophy of differentiated myotubes

We next examined the consequences of nuclear accumulation of SREBP-1 proteins in differentiated muscle cells. To confirm and expand the microarray data, we measured the expression levels of several transcription factors and sarcomeric protein genes using quantitative PCR in primary myotubes overexpressing the SREBP-1 factors for 48 hours. Figure 6 shows that both SREBP-1a and 1c decreased the expression of myogenic regulatory factors (MYOD1, MYOG, and MEF2C) (Figure 6A). A significant reduction in the mRNA levels of muscle contractile proteins (TTN, TNNI1, TNNI2, and MYL1) was also observed. These data were further confirmed at the protein level (Figure 6B). Therefore, the mature forms of SREBP-1a and -1c clearly induced a dramatic decrease in the expression of major actors of skeletal muscle function, involved in either formation or contractility.

Direct observation of myotubes overexpressing SREBP-1 showed a decrease in cell surfaces. Troponin immunostaining confirmed a considerable reduction in sarcomeric protein content (Figure 6C). Cell sizes measurements showed that SREBP-1 proteins induced an approximately 6-fold decrease in cell surface (Figure 6D). These observations indicated thus that nuclear accumulation of SREBP-1 led to myotube atrophy, with a severe decrease in the expression of muscle regulatory factors and sarcomeric proteins. To assess whether the observed SREBP1-induced atrophy involved known atrophic factors, we measured the mRNA levels of FBXO32 (Atrogin1), SMURF1 (MuRF-1/TRIM63) and FOXO1. As shown in Figure 6A, with the exception of SMURF1, the expression of these factors was reduced in the presence of SREBP-1a and -1c. The up-regulation of SMURF1 mRNA however, is in agreement with our previous microarray data [START_REF] Rome | Microarray analyses of SREBP-1a and SREBP-1c target genes identify new regulatory pathways in muscle[END_REF].

As observed with SREBP-1a and -1c, infection of fully differentiated myotubes with adenoviruses expressing BHLHB2 or BHLHB3 strongly repressed the expression of myogenic factors (MYOD1, MYOG, and MEF2C) and sarcomeric proteins (MYL1, TNNI1, and TTN) (Figure 7A). Overexpression of BHLHB2 and BHLHB3 also provoked the atrophy of muscle cells (Figure 7B), as evidenced by cell size measurements indicating a greater than 60% reduction in myotube areas (Figure 7C). However, in contrast to SREBP-1, BHLHB2 and BHLHB3 overexpression induced a marked decrease in SMURF1 expression level (Figure 7A).

To confirm the involvement of BHLHB2 and BHLHB3 in the atrophic effect of SREBP-1 on differentiated myotubes, SREBP-1 overexpressing myotubes were transfected with siRNA against GFP, BHLHB2, or BHLHB3. As shown in Figure 7D, gene extinction of either BHLHB2 or BHLHB3 restores the expression of troponin.

Depletion of BHLHB2/B3 also restored, at least partially, the size of myotubes, with a greater effect of BHLHB3 silencing (Figure 7E).

Altogether, these data indicated that, as observed for inhibition of myoblast differentiation, the transcriptional repressors BHLHB2 and BHLHB3 are directly involved in the atrophy induced by SREBP-1 in differentiated myotubes.

SREBP-1a and -1c promote skeletal muscle atrophy in vivo

To investigate the effects of SREBP-1 factors on muscle phenotype in vivo, we overexpressed SREBP-1a or SREBP-1c in limb muscle of mice using recombinant adenovirus. Adenoviruses expressing either GFP only, or both SREBP-1a and GFP (or SREBP-1c and GFP) were generated using dual expression properties of constructs containing an IRES element [START_REF] Kim | Construction of a bifunctional mRNA in the mouse by using the internal ribosomal entry site of the encephalomyocarditis virus[END_REF]. Twelve week-old BALB/c male mice were separated into two groups and adenoviral suspensions were injected in tibialis anterior muscle with 10 10 infectious units of recombinant adenoviruses expressing only GFP (Ad-GFP) in the left limb of all animals and either SREBP-1a and GFP (Ad-1a/GFP, first group) or SREBP-1c and GFP (Ad-1c/GFP, second group) in the right limb. Animals were sacrificed seven days after injections and tibialis anterior muscles were removed for analysis. When comparing the two groups, no differences were found in GFP-only expressing muscles of the left limbs (weight, fiber sizes, and fluorescence intensity); we thus considered the data concerning Ad-GFP infected muscles as a unique set. As shown in Figure 8A, tibialis anterior weight showed a significant decrease of 17.5% (SREBP-1a/GFP vs. GFP, n=7, p=0.001) and 18.6%

(SREBP-1c/GFP vs. GFP, n=7, p= 0.002) when expressing either of the SREBP-1 proteins. When performing similar experiment with intramuscular injection of recombinant adenoviruses overexpressing either BHLHB2 or BHLHB3, muscle weight showed a decrease of 17.1 % (BHLHB2 vs. GFP, n=7, p=0.001) and 24,8 % (BHLHB3 vs. GFP, n=7, p=0.001) respectively (Figure 8A). We next examined fiber size in histological sections of treated muscles. Quantitative analysis revealed a significant decrease in average cross-sectional area (CSA) of myofibers for both SREBP-1a (mean ± SEM = 1998.3 ± 19.7 µm 2 ) and SREBP-1c (mean ± SEM =1950.2 ± 21.0 µm 2 ) compared to GFP (mean ± SEM = 2378.6 ± 21.7 µm 2 , p<0.001 for both) (Figure 8B). Size distribution of muscle fiber CSA was different between GFP-only and SREBP-1/GFP expressing muscles, the latter presenting a marked displacement of distribution towards smaller sizes of fibers (Figure 8C). 

Discussion

SREBP-1a and SREBP-1c are bHLH transcription factors first identified as adipocyte determination and differentiation factors [START_REF] Tontonoz | ADD1: a novel helix-loop-helix transcription factor associated with adipocyte determination and differentiation[END_REF]. Their functions have been extensively studied in hepatocytes and in mouse liver. By activation of specific target genes involved in lipogenesis, SREBP-1 increase triglycerides synthesis, and to a lesser extent cholesterol synthesis [START_REF] Brown | The SREBP pathway: regulation of cholesterol metabolism by proteolysis of a membrane-bound transcription factor[END_REF][START_REF] Horton | SREBPs: activators of the complete program of cholesterol and fatty acid synthesis in the liver[END_REF][START_REF] Horton | Combined analysis of oligonucleotide microarray data from transgenic and knockout mice identifies direct SREBP target genes[END_REF][START_REF] Shimano | Overproduction of cholesterol and fatty acids causes massive liver enlargement in transgenic mice expressing truncated SREBP-1a[END_REF]. SREBP-1c was also shown to mediate the action of insulin on the expression of lipogenic genes in liver [START_REF] Foretz | Sterol regulatory element binding protein-1c is a major mediator of insulin action on the hepatic expression of glucokinase and lipogenesis-related genes[END_REF].

SREBP-1 proteins are also expressed in skeletal muscle [START_REF] Ducluzeau | Regulation by insulin of gene expression in human skeletal muscle and adipose tissue. Evidence for specific defects in type 2 diabetes[END_REF][START_REF] Nadeau | Insulin regulation of sterol regulatory element-binding protein-1 expression in L-6 muscle cells and 3T3 L1 adipocytes[END_REF][START_REF] Osborne | Sterol regulatory element-binding proteins (SREBPs): key regulators of nutritional homeostasis and insulin action[END_REF] and in cultured muscle cells [START_REF] Dif | Insulin activates human sterol-regulatory-element-binding protein-1c (SREBP-1c) promoter through SRE motifs[END_REF][START_REF] Guillet-Deniau | Sterol regulatory element binding protein-1c expression and action in rat muscles: insulin-like effects on the control of glycolytic and lipogenic enzymes and UCP3 gene expression[END_REF]. In this report we identified a new role for these transcription factors and demonstrated that both SREBP-1a and SREBP-1c can block myoblast to myotube differentiation, and also induce myotube atrophy in vitro and in vivo.

The results of the present study also demonstrate that the transcriptional repressors BHLHB2 and BHLHB3 are SREBP-1 target genes and that they mediate the observed SREBP-1 action on human muscle cell. Both BHLHB2 and BHLHB3 have been involved in the regulation of differentiation and growth of several cell types. BHLHB2 promotes the differentiation of trophoblast stem cells to trophoblast giant cells [START_REF] Hughes | The Hand1, Stra13 and Gcm1 transcription factors override FGF signaling to promote terminal differentiation of trophoblast stem cells[END_REF], induces neuronal differentiation of pheochromocytoma P19 cell [START_REF] Boudjelal | Overexpression of Stra13, a novel retinoic acid-inducible gene of the basic helix-loop-helix family, inhibits mesodermal and promotes neuronal differentiation of P19 cells[END_REF] and promotes chondrocyte differentiation of ATDC5 cells [START_REF] Shen | Basic helix-loop-helix protein DEC1 promotes chondrocyte differentiation at the early and terminal stages[END_REF]. BHLHB2 can also block adipocyte differentiation through direct transcriptional repression of PPARgamma gene expression (53). Concerning muscle cells, BHLHB2 is expressed in embryonic and adult skeletal muscle cells, and has been recently proposed as a possible regulator of satellite cell activation since BHLHB2 knockout mice exhibit increased cellular proliferation and degenerated myotubes during muscle regeneration process [START_REF] Sun | Stra13 regulates satellite cell activation by antagonizing Notch signaling[END_REF]. BHLHB3 mRNA is expressed in proliferating C2C12 cells and is down-regulated during myogenic differentiation (2). Moreover, its overexpression blocks myoblast to myotube differentiation in C2C12 cells, through either E-Box occupancy, direct interaction with MYOD1 protein, or both (3).

In the present work we have demonstrated that both BHLHB2 and BHLHB3 can inhibit muscle cell differentiation and induce myotube atrophy, reproducing the observed SREBP-1 effects in cultured muscle cells, notably a marked decrease in the expression of muscle specific transcription factors and sarcomeric proteins.

Furthermore, silencing of BHLHB2 and BHLHB3 protein levels using siRNA fully restored the myogenic differentiation process in the presence of SREBP-1, and rescued, even if not completely, myotubes from atrophy induced by SREBP-1 overexpression. These data therefore establish a novel regulatory pathway of muscle cell differentiation implicating SREBP-1, BHLHB2 and BHLHB3. Interestingly, it is also known that the transcriptional repressors BHLHB2 and BHLHB3 can antagonize each other's effects [START_REF] Azmi | mSharp-1/DEC2, a basic helixloop-helix protein functions as a transcriptional repressor of E box activity and Stra13 expression[END_REF][START_REF] Li | DEC1 negatively regulates the expression of DEC2 through binding to the E-box in the proximal promoter[END_REF], and the scheme of this novel pathway can be completed with a negative feedback loop that has recently been described, in which both BHLHB2 and BHLHB3 inhibit SREBP-1c expression in a HIF-dependent mechanism [START_REF] Choi | Stra13/DEC1 and DEC2 inhibit sterol regulatory element binding protein-1c in a hypoxia-inducible factor-dependent mechanism[END_REF].

Muscle differentiation is under the control of two families of transcription factors, named Muscle Regulatory Factors (MRFs): the myogenic basic helix-loophelix (bHLH) proteins (i.e. MYF5, MYOD1, MYOG and MYF6), and the myocyte enhancer factor2 (MEF2) family of MADS domain-containing proteins (i.e. MEF2A, 2B, 2C, and 2D) [START_REF] Black | Transcriptional control of muscle development by myocyte enhancer factor-2 (MEF2) proteins[END_REF][START_REF] Parker | Looking back to the embryo: defining transcriptional networks in adult myogenesis[END_REF]. Moreover, the myogenic bHLH factors interact with MEF2 proteins to cooperatively activate muscle specific genes [START_REF] Molkentin | Cooperative activation of muscle gene expression by MEF2 and myogenic bHLH proteins[END_REF]. We have demonstrated here that nuclear accumulation of SREBP-1 proteins led to a coordinated inhibition of the expression of the MRF in myoblasts. This decrease, which results from BHLHB2/B2 transcriptional repressors activation, is sufficient to explain the blockade of differentiation. How BHLHB2/B3 repress the expression of MRF remains to be precisely examined, but this may occur through competitive binding to E-Box on MRF promoters. Moreover, a direct interaction of the transcriptional repressors with MRF proteins may participate in the inhibition of differentiation, as already demonstrated with BHLHB3 and MYOD1 in C2C12 cells (3).

Overexpression of SREBP-1 proteins, and also of BHLHB2/B3, induces both in vitro and in vivo myotube atrophy. The maintenance of muscle protein content results from intricately regulated anabolic and catabolic pathways. Examining genes regulated by both transcription factors reveals that MRFs and sarcomeric proteins are jointly down-regulated, whereas only SREBP-1 induce SMURF-1, an actor of the proteolytic pathway. The ubiquitin proteasome system has been described as the main regulator of muscle atrophy [START_REF] Lecker | Muscle protein breakdown and the critical role of the ubiquitin-proteasome pathway in normal and disease states[END_REF], and the role of SMURF1, FBXO32 (atrogin-1) and FOXO1 in this process has been recently reviewed [START_REF] Murton | The involvement of the ubiquitin proteasome system in human skeletal muscle remodelling and atrophy[END_REF]. The marked reduction in sarcomeric protein, the induction of myotube atrophy, and the in vivo muscle wasting observed in the presence of SREBP-1 proteins could also have resulted from activation of this pathway. As the reversion of atrophy by BHLHB2/B3 silencing is only partial, a specific action of SREBP-1 proteins on the ubiquitin proteasome system involving other effectors than BHLHB2/B3 might thus be considered.

Nevertheless, a significant part of the atrophic effect is due to BHLHB2/B3 action, through inhibition of sarcomeric proteins expression. This decrease in protein synthesis may be due to a direct action of BHLHB2/B3 on contractile protein promoters, or may also involve the decrease in MRFs expression. MRFs are still expressed in differentiated myotubes (50), and participate in the expression of sarcomeric proteins [START_REF] Li | Regulation of the mouse desmin gene: transactivated by MyoD, myogenin, MRF4 and Myf5[END_REF]. Whether MRFs are involved in the maintenance of the full diffentiated phenotype is still debated, but a combined decrease in MRFs expression in differentiated myotubes may affect muscle protein synthesis and thus participate in the observed atrophy. Further studies are needed to caracterize this atrophic process in terms of fiber type change, mitochondrial content, and oxidation capacity.

The control of the amount of SREBP-1 proteins in the nucleus involves regulation at several levels, including SREBP-1 gene expression, proteolytic cleavage in the endoplasmic reticulum, nuclear import and activation/degradation within the nucleus (for review see ( 42)). It has been recently demonstrated that SREBP-1 expression is enhanced through the PKB/mTOR pathway, and could participate in the regulation of cell size through the control of lipid and cholesterol metabolism [START_REF] Porstmann | SREBP activity is regulated by mTORC1 and contributes to Akt-dependent cell growth[END_REF]. The inflammatory cytokine TNF-alpha, which is known to induce muscle atrophy [START_REF] Li | NF-kappaB mediates the protein loss induced by TNF-alpha in differentiated skeletal muscle myotubes[END_REF] has been shown to increase SREBP-1 levels in hepatocytes [START_REF] Endo | TNF-alpha induces hepatic steatosis in mice by enhancing gene expression of sterol regulatory element binding protein-1c (SREBP-1c)[END_REF]. Growth factors like insulin and IGF-1 are potent inducers of SREBP-1 expression in various cell types and tissues [START_REF] Arito | Growth factorinduced phosphorylation of sterol regulatory element-binding proteins inhibits sumoylation, thereby stimulating the expression of their target genes, low density lipoprotein uptake, and lipid synthesis[END_REF][START_REF] Ducluzeau | Regulation by insulin of gene expression in human skeletal muscle and adipose tissue. Evidence for specific defects in type 2 diabetes[END_REF][START_REF] Nadeau | Insulin regulation of sterol regulatory element-binding protein-1 expression in L-6 muscle cells and 3T3 L1 adipocytes[END_REF]. In muscle, SREBP-1c nuclear content can be dramatically increased by insulin through activation of both the PI3K/PKB [START_REF] Nadeau | Insulin regulation of sterol regulatory element-binding protein-1 expression in L-6 muscle cells and 3T3 L1 adipocytes[END_REF] and the MAPK [START_REF] Kotzka | Sterol regulatory element binding proteins (SREBP)-1a and SREBP-2 are linked to the MAP-kinase cascade[END_REF][START_REF] Nadeau | Insulin regulation of sterol regulatory element-binding protein-1 expression in L-6 muscle cells and 3T3 L1 adipocytes[END_REF] pathways. Furthermore, the SREBP-1 proteins can control and enhance their own expression in human muscle cells [START_REF] Dif | Insulin activates human sterol-regulatory-element-binding protein-1c (SREBP-1c) promoter through SRE motifs[END_REF].

Due to the major and clearly demonstrated role of insulin, growth factors and the PI3K/PKB signaling pathway on muscle development and hypertrophy [START_REF] Izumiya | Fast/Glycolytic muscle fiber growth reduces fat mass and improves metabolic parameters in obese mice[END_REF][START_REF] Lai | Conditional activation of akt in adult skeletal muscle induces rapid hypertrophy[END_REF], the atrophic effect of SREBP-1 proteins overexpression demonstrated in the present work likely represents a negative feedback loop to control muscle hypertrophy. In the same context, it is also interesting to notice that SREBP-1a and -1c enhance the expression of the p55 subunit of the PI3K [START_REF] Kallin | SREBP-1 regulates the expression of heme oxygenase 1 and the phosphatidylinositol-3 kinase regulatory subunit p55 gamma[END_REF][START_REF] Rome | Microarray analyses of SREBP-1a and SREBP-1c target genes identify new regulatory pathways in muscle[END_REF], which is regarded as a positive regulator of the PI3K/PKB pathway [START_REF] Fruman | Hypoglycaemia, liver necrosis and perinatal death in mice lacking all isoforms of phosphoinositide 3-kinase p85 alpha[END_REF]. The SREBP-1 proteins may thus regulate the hypertrophic effects of growth factors not only negatively through induction of the BHLHB2 and BHLHB3 repressors, but also positively through the control of PI3K/PKB signaling pathway. Further investigations are required to study the impact of SREBP-1 on signaling pathways in skeletal muscle cells.

In summary, the data presented here identify a new role for the SREBP-1 transcription factors in the regulation of myogenesis and muscle tissue maintenance.

As SREBP-1a and -1c are master regulators of fatty acids and cholesterol synthesis, this new function can justify to consider them as integrators of signals coming from growth factors, inflammation and nutritional status toward a control of muscle mass. It will therefore be of particular interest to further study these transcription factors in pathological situations inducing muscle wasting, but also in metabolic diseases where abnormalities in SREBP-1 have already been reported such as insulinresistance and type 2 diabetes. Results are presented as mean ± SEM. * p1 0,05 ; ** p10,001. and SREBP-1c and transfected with siRNA against GFP, BHLHB2 or BHLHB3.

Myotubes were stained with TNNI1 antibody (n= 3 in each group).

Results are presented as mean ± SEM. * p1 0,05 ; ** p10,001. 

  Human SREBP-1a, SREBP-1c, BHLHB2, BHLHB3 in mice tibialis anterior muscles. All animal procedures were conducted according to the national guidelines for the care and use of laboratory animals. Adult (12-14 weekold) BALB/c male mice (Harlan, France) were subjected to adenoviral delivery according to the procedure described by Sapru et al.[START_REF] Sapru | High-efficiency adenovirus-mediated in vivo gene transfer into neonatal and adult rodent skeletal muscle[END_REF]. Briefly, right Tibialis Anterior muscles of mice were injected with 10 10 infectious unit of recombinant adenovirus expressing either SREBP-1a/GFP, SREBP-1c/GFP, BHLHB2 or BHLHB3. As a control, the contralateral tibialis anterior muscles were also injected with 10 10 infectious units of recombinant adenovirus expressing GFP. Mice were sacrificed seven days after injection. Tibialis anterior muscle was removed and immediately snap-frozen in liquid nitrogen. Ten-micron sections were cut and every tenth section collected onto glass slides for examination under fluorescence illumination using an Axiovert 200 microscope, an Axiocam MRm camera and Axiovision 4.1 image acquisition software (Carl Zeiss, Göttingen, Germany). Muscle fibers size and fluorescence intensity were measured using NIH ImageJ software. Protein expression analysis by immunocytofluorescence. Cells were fixed in 10% formaldehyde and permeabilized with 0.1% Triton X-100. Non specific binding sites were blocked with 1% bovine serum albumin in PBS 1X for 1hour at room temperature. Cells were then incubated overnight at 4°C with specific primary antibodies (anti-TNNI1, C-19; Santa Cruz Biotechnology, Santa Cruz, CA, USA; antimyogenin, F5D; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA). Detection was achieved using Alexa 555 donkey anti-goat and goat antimouse IgG (Molecular Probes, Invitrogen). Cells were mounted with Vectashield with DAPI Fluoprep mounting medium (H1200; Vector Laboratories, Peterborough, England) and examined by fluorescence microscopy with an Axiovert 200 microscope, an Axiocam MRm camera and Axiovision 4.1 image acquisition software (Carl Zeiss, Göttingen, Germany). Area of TNNI1 immunostained differentiated myotubes was measured using NIH ImageJ software.
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 127 and 1B, overexpression of SREBP-1 in myoblasts, myotubes and mouse muscle induced significant increases in both BHLHB2 and BHLHB3 mRNA and proteins levels in all situations. As a control, we verified that overexpression of ADD1-DN, a dominant-negative mutant of SREBP-, does not significantly affects BHLHB2 and BHLHB3 expression levels in cultured muscle cells.The promoter sequences of the human BHLHB2 and BHLHB3 genes contain putative SRE motifs for SREBP-1 binding (located at -839/-830 and -32/-23 for BHLHB2; -651/-642 and +43/+52 for BHLHB3 relative to the respective transcription start sites). Additionally, a degenerate motif was identified at -248/-238 (TCACAGGGT) in the BHLHB2 promoter. To investigate whether SREBP-1a and -1c increase BHLHB2 and BHLHB3 expression through promoter activation, we performed gene reporter experiments in muscle and non-muscle cell lines transiently transfected with SREBP-1a/-1c expressing plasmids. Measurements of luciferase activities confirm that overexpression of SREBP-1 proteins strongly increases both BHLHB2 and BHLHB3 promoters activities in myoblasts, myotubes and non muscle HepG2 cells (Figure 2 A and B, left). Activation of the promoters in non-muscle cells excluded the participation of additional muscle-specific factors in the induction of BHLHB2 and BHLHB3 by SREBP-1 proteins. To assess the involvement of the identified putative SREs in both promoters, we performed mutations and deletions of the various sites (Figure 2 A and B, right). Concerning the BHLHB2 promoter, deletion of the distal motif as well as mutation of the proximal motif did not modify enhancement of promoter activity by SREBP-1 proteins, whereas the deletion of the SRE-like motif suppressed SREBP-1 activation. Concerning the BHLHB3 promoter, mutation of either distal or proximal SREs suppressed promoter activation, showing that they are both are involved in the response to SREBP-1. Finally, chromatin immunoprecipitation (ChIP) experiments further confirmed that SREBP-1 proteins

  Representative histological sections are shown in Figure8Dwith the expected mosaic pattern of fluorescence. Because of the dual expression strategy, fluorescence intensities in the muscle fibers of the right limbs reflect the level of expression of the SREBP-1 recombinant proteins. We therefore examined fiber CSA as a function of the fluorescence distribution (Figure8E). While uninfected fibers (lowest fiber fluorescence category) showed similar myofiber CSA means, the reduction in mean fiber CSA of Ad-1a/GFP and Ad-1c/GFP infected fibers increased with fluorescence intensity, reaching a maximum around 20% reduction of mean CSA when compared to Ad-GFP infected fibers.
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 1 Figure LegendsFigure 1: BHLHB2 and B3 are up-regulated upon SREBP-1 overexpression
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 2 Figure 2: BHLHB2 and B3 are SREBP-1 target genes
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 3 Figure 3: Common SREBP-1, BHLHB2 and B3 down-regulated muscle genes
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 4 Figure 4: SREBP1 and BHLHB2/B3 inhibit human myoblasts differentiation
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 5 Figure 5: SREBP-1 inhibit human myoblasts differentiation through BHLHB2/B3
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 6 Figure 6: SREBP-1 induce human myotubes atrophy
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 7 Figure 7: SREBP-1 induce myotubes atrophy through BHLHB2/B3 repressors
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 8 Figure 8: In vivo overexpression of SREBP-1 leads to muscle atrophy
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Quantification of mRNAs by real-time RT-PCR. Total

  

	products were analyzed by quantitative and classical PCR using specific primers for
	BHLHB2 and BHLHB3 promoter (PCR primers are available on request).
	19), and anti-TNNI2 (C-19) from Santa
	Cruz Biotechnology, (Santa Cruz, CA, USA) ; anti-BHLHB2 (M01; 5B1) and anti-
	BHLHB3 from Abnova (M01; 4H6) (Taipei, Taiwan).
	The signal was detected using a horse-radish peroxidase-conjugated secondary
	antibody and revealed with the enhanced chemiluminescence system (Pierce,
	Rockford, IL, USA). Signal was quantified using NIH ImageJ software. Intensity of
	Coomassie Blue staining was used to normalize the total amount of proteins.
	RNA was isolated using the
	Trizol reagent (Invitrogen, Courtaboeuf, France) according to manufacturer's
	instructions. First-strand cDNAs were synthesized from 500 ng of total RNAs in the
	presence of 100 U of Superscript II (Invitrogen) and a mixture of random hexamers
	and oligo(dT) primers (Promega). Real-time PCR assays were performed with Rotor-
	Gene TM 6000 (Corbett Research, Mortlake, Australia). A list of the primers and real-
	time PCR assay conditions are available upon request (lefai@univ-lyon1.fr). The
	results were normalized using RPLP0 or HPRT mRNA concentration, measured as
	reference gene in each sample.
	Chromatin immuno-precipitation (ChIP) assay. The ChIP experiments were
	performed as previously described (43) using the ChIP It Express Enzymatic Kit from
	Active Motif (Rixensart, Belgium), according to the manufacturer's instructions. ChIP

Construction of reporter plasmids, and BHLHB2 and BHLHB3 promoter activity

  

	. A human genomic clone (NR5-IH18RS) which contains NotI flanking regions
	corresponding to the BHLHB2 promoter was obtained from Pr. E. R. Zabarovsky
	(Microbiology and Tumour Biology Center and Center for Genomics and
	Bioinformatics, Karolinska Institute, Stockholm, Sweden) (Zabarovsky ER, 2000).

overexpressing BHLHB2 and BHLHB3. The

  

	(43). Briefly, Total RNA extracted from BHLHB2 and BHLHB3 overexpressing
	myotubes were hybridized on oligonucleotide microarrays produced by the French
	Genopole Network (RNG) consisting of 25,342 oligonucleotides of 50-mers printed
	on glass slides. Only spots with recorded data on the 8 slides (4 for BHLHB2 and 4
	for BHLHB3) were selected for further analysis. With these selection criteria, 12,825
	spots were retrieved. Data were analyzed using the one-class significance analysis
	of microarray (SAM) procedure. Microarrays data are available in the GEO database
	under	number	GSE12947	and	following	the	link:
	http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi.			
	procedure used to obtain and analyze microarray data has previously been described

Table 1 : Muscle specific SREBP-1 target genes
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	Listing of 1300 SREBP-1 targets genes identified previously (43) was analysed using
	FATIGO+. Three GO classes were found to be statistically over-represented: muscle
	contraction (GO 0006936, adjusted p value = 1.66 e-4), striated muscle contraction
	(GO 0006941, adjusted p value = 7.29 e-5) and muscle development (GO 0007517,
	adjusted p value = 6,51 e-5).		
	Symbol	LLID	Fold 1A	Fold 1C Name
	GO 0006936 : Muscle contraction (Adjusted p value : 2.84 e-5)
	ADRB2	154	-2.48	-2.61	Adrenergic, beta-2-, receptor, surface
	ALDOA	226	2.06		Aldolase A, fructose-bisphosphate
	ATP1A1	476	-2.27		ATPase. Na+/K+ transporting. alpha 1 polypeptide
	ATP1A2	477	-2.31		ATPase. Na+/K+ transporting. alpha 2 (+) polypeptide
	ATP2A2	488	-1.86		ATPase. Ca++ transporting. cardiac muscle. slow twitch 2
	CACNG1	786	-7.42		Calcium channel. voltage-dependent. gamma subunit 1
	CASQ2	845	-3.45		Calsequestrin 2 (cardiac muscle)
	CHRNA1	1134	-1.96		Cholinergic receptor. nicotinic. alpha 1 (muscle)
	DTNA	1837	-4.02	-3.01	Dystrobrevin, alpha
	EDNRA	1909	-3.21		Endothelin receptor type A
	FXYD1	5348		3.31	FXYD domain containing ion transport regulator 1 (phospholemman)
	GAL	2660	4.28		Galanin
	GJA1	2697	-4.83	-2.02	Gap junction protein. alpha 1. 43kDa (connexin 43)
	HRC	3270	-2.72		Histidine rich calcium binding protein
	ID2B	84099	-1.60		Inhibitor of DNA binding 2B. dominant negative helix-loop-helix protein
	KBTBD10	10324		-1.60	Kelch repeat and BTB (POZ) domain containing 10
	KCNH2	3757	-1.73		Potassium voltage-gated channel. subfamily H (eag-related). member 2
	MRCL3	10627		-1.63	Myosin regulatory light chain MRCL3
	MYBPC1	4604	-4.62		Myosin binding protein C. slow type
	MYBPC2	4606	14.91	10.04	Myosin binding protein C. fast type
	MYBPH	4608	-19.98		Myosin binding protein H
	MYH2	4620	-6.45		Myosin. heavy polypeptide 2. skeletal muscle. adult
	MYH3	80184	16.48		Myosin. heavy polypeptide 3
	MYH6	4624		3.47	myosin. heavy polypeptide 6. cardiac muscle. alpha
	MYH8	4626	-8.82	-2.39	Myosin. heavy polypeptide 8. skeletal muscle. perinatal
	SCN7A	6332	2.64		Sodium channel. voltage-gated. type VII. alpha
	SLC6A8	6535	-1.47		Solute carrier family 6 (neurotransmitter transporter, creatine), member 8
	SMPX	23676	-8.55		Small muscle protein, X-linked
	SNTA1	6640	1.70		Syntrophin, alpha 1 (dystrophin-associated protein A1)
	SSPN	8082	-3.15		Sarcospan (Kras oncogene-associated gene)
	TNNC2	7125	-2.83		Troponin C type 2 (fast)
	TNNI1	7135	-2.32		Troponin I type 1 (skeletal. slow)
	TNNI2	7136	-3.07		Troponin I type 2 (skeletal. fast)
	TNNT2	7139	-1.88		Troponin T type 2 (cardiac)
	TNNT3	7140	-2.83		Troponin T type 3 (skeletal. fast)
	TPM1	7168	-4.54		Tropomyosin 1 (alpha)
	TPM3	7170		-2.44	Tropomyosin 3
	TTN	7273	1.92	2.93	Titin
	GO 0007517 : Muscle development (Adjusted p value : 6.27 e-5)
	ACTG1	71	-2.86	-2.37	Actin, gamma 1
	AEBP1	165	2.29		AE binding protein 1
	CAV3	859	-1.94		Caveolin 3
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